Most bacteria have the capability to adapt to changes in their environment. Facultatively phototrophic bacteria like Rhodobacter can switch from aerobic respiration to anoxygenic photosynthesis in the absence of oxygen. The formation of the photosynthetic apparatus is primarily regulated by oxygen tension. The amount of photosynthetic complexes is influenced by the light intensity in anaerobic cultures. This review focuses on the molecular mechanisms involved in the regulation of Rhodobacter photosynthesis genes by oxygen and light. ß
Introduction
Facultatively phototrophic bacteria are capable of using a number of metabolic pathways to generate energy. If oxygen is available, they perform aerobic respiration, while in its absence, ATP can be produced through photosynthesis, anaerobic respiration or fermentation. For organisms to use light as an energy source, pigments and many specialized proteins are required, and considerable metabolic energy is needed to synthesize and assemble all the components of the photosynthetic apparatus. Thus, it is not surprising that photosynthetic complexes are not formed if oxidative respiration can be performed, instead. Furthermore, the simultaneous presence of oxygen and pigments creates the risk that toxic oxygen species are generated. Repression of the formation of photosynthetic complexes under high oxygen tension, therefore, makes a lot of sense. However, if the oxygen tension in the environment drops below a threshold value and the bacteria become energy-depleted, the formation of the photosynthetic apparatus is induced, even in the absence of light. The formation of pigment protein complexes is accompanied by invagination of the cytoplasmic membrane and the development of intracytoplasmic membranes, which carry the photosynthetic complexes. Since facultatively photosynthetic bacteria already build the photosynthetic apparatus under a low oxygen tension, even while they are still performing aerobic respiration, the regulated expression of genes involved in photosynthesis can be studied, using mutants that cannot grow photosynthetically, due to defects in some components of the photosynthetic apparatus.
In the absence of oxygen and the simultaneous presence of light, facultatively photosynthetic bacteria perform an anoxygenic photosynthesis using a single photosystem with cyclic electron transport. Under these growth conditions, the number of photosynthetic complexes formed depends on the light intensity.
The photosynthetic apparatus of Rhodobacter capsulatus consists of the reaction center and two light harvesting complexes, LHI and LHII. The genes for pigment-binding proteins of the reaction center and the LHI complex are part of the polycistronic puf operon, which is localized in a 46-kb photosynthesis gene cluster, together with genes for bacteriochlorophyll and carotenoid synthesis, regulatory genes and the puhA gene for the non-pigment-binding subunit of the reaction center. The polycistronic puc operon, comprising structural and regulatory genes for the synthesis of LHII, is found in a di¡erent location on the chromosome.
The in£uence of oxygen and light on the formation of photosynthetic complexes in facultatively photosynthetic bacteria was observed many years ago. A number of publications described the dependence of the amount of pigments and pigment-binding proteins on these external signals. More recently, the molecular mechanisms involved in this regulatory process have been investigated. Most of this work has been done in the closely related species Rhodobacter capsulatus and Rhodobacter sphaeroides. In this review, we will focus on the regulation of genes for pigment-binding proteins and pigment synthesis in these species.
Although nobody had expected that the coordinated and regulated expression of photosynthesis genes would follow a simple scheme, the high number of regulatory factors identi¢ed and the multiple functions of some regulatory factors were quite surprising. This demonstrates how complex the control of gene expression in bacteria can be. Furthermore, the expression of bacterial photosynthesis genes is one of the few examples where experimental approaches in bacteria have not been limited to the study of transcriptional initiation. It transpires indeed that environmental factors can a¡ect various levels of gene expression in bacteria.
Sensing of the oxygen signal
How do bacteria sense the oxygen tension in the environment? It has become clear that two-component systems are involved in sensing many di¡erent environmental signals and in transmission of these signals within the cell. Therefore, it was not surprising that the RegB/RegA two-component system in R. capsulatus [1, 2] was found to be involved in oxygen-dependent regulation of photosynthesis genes. RegB is a membrane bound sensor kinase that undergoes autophosphorylation in response to an oxygen-dependent signal. RegB in turn phosphorylates the response regulator RegA [3] (Fig. 1A) . A number of proteins has been implicated in sensing of the oxygen signal, while the light sensor transmitting the signal to hvrA is not known. Thioredoxin (trxA) has been shown to a¡ect puf transcription, but the mechanism of signal transmission has not been elucidated. Not all proteins investigated in regard to regulation of photosynthesis genes have been included for reasons of clarity. hem: genes for aminolevulinate synthesis ; bch: genes for bacteriochlorophyll synthesis, crt: genes for carotenoid synthesis; puc-operon: encodes structural and regulatory proteins for the formation of the LHII antenna complex; puf-operon: encodes structural proteins of the LHI antenna complex, the reaction center proteins and proteins involved in the assembly of these complexes ; puhA gene: encodes the non-pigment-binding subunit of the reaction center. B: DNA-binding proteins involved in the regulation of puf and puc transcription. The drawing is not to scale: upstream regulatory regions are enlarged. The arrows represent the DNA sequence with dyad symmetry upstream of the puf transcriptional start. The approximate binding sites of the individual proteins in relation to each other are indicated, but for most proteins, the data from di¡erent research groups are not consistent and the footprint data which are available do not allow to give the exact position of the binding sites. Binding sites for HvrA have not been published. PPBP : the puf promoter-binding protein is known to bind in the dyad symmetry region upstream of the puf promoter and is possibly involved in repression of puf transcription under high oxygen tension. PPBP also binds to fragments of the puc upstream region but no further characterization of its puc-binding sites has been undertaken. The gene encoding PPBP has not been identi¢ed and it is not known which other factors transmit the oxygen signal to PPBP.
However, several questions still remain to be answered. Does RegB directly sense the oxygen concentration in the environment or does it sense the redox state of other molecules? Which domains of RegB are involved in sensing and what is the molecular basis for sensing? A truncated RegB protein can be autophosphorylated in vitro, dependent on the redox potential [3] . It is however uncertain whether these experiments really re£ect the in vivo situation. The amino acid sequence of RegB provides no indication that RegB binds heme like the oxygen sensor, FixL, of Rhizobium meliloti [4] . Recent experiments in R. sphaeroides suggest that the activity of PrrB (a homologue of RegB) is in£uenced by the reductant £ow through the cbb3 terminal oxidase [5] . Mutant strains that fail to synthesize RegB still show residual oxygen-dependent transcription of photosynthesis genes, indicating that other oxygen sensors are present.
It was shown recently that thioredoxin, an ubiquitous cytoplasmic protein that can undergo disul¢de-thiol exchange reactions, is involved in the oxygen-dependent regulation of photosynthesis genes in R. sphaeroides [6] (Fig. 1A) . The regulation of N-amino levulinic acid synthase of R. sphaeroides in vitro through the thioredoxin disul¢de-thiol exchange suggests that this protein may help to regulate tetrapyrrol synthesis in vivo. The in£uence of thioredoxin on the synthesis of pigment-binding proteins occurs at the level of puf and puc transcription. The signal path from thioredoxin to the transcription of photosynthesis genes is not known. Thioredoxin may reduce transcription factors such as CrtJ that bind to DNA in a redox-dependent manner (see below). A similar role for thioredoxin in the redox-control of DNA-binding proteins has been observed for some mammalian transcription factors.
Some years ago, a homologue of the Escherichia coli Fnr protein (FnrL) was identi¢ed in R. sphaeroides and shown to regulate the hemA, hemZ, hemN and bchE genes for tetrapyrrol and bacteriochlorophyll synthesis [7] (Fig. 1A) . Fnr from E. coli is known to sense the redox state in the cytoplasm via a Fe-S cluster. Fnr binds to a consensus DNA sequence, the Fnr box. Putative Fnr boxes are present upstream of the Fnr-regulated genes in R. sphaeroides. FnrL mutants of R. capsulatus, however, do not seem to be impaired in phototrophic growth and most of the genes with putative Fnr boxes in R. sphaeroides lack these sequences in R. capsulatus [8] . Thus, remarkably, the mechanisms for regulation of photosynthesis genes may be quite diverse even in these closely related species.
In R. sphaeroides, the AppA protein was shown to activate the transcription of some photosynthesis genes under low oxygen conditions (reviewed in [9] ; Fig. 1A ). AppA itself is not a DNA-binding protein and its mode of action is not understood. It binds £avin and perhaps heme and contains an unusual cysteine-rich motif that most likely binds an Fe-S center. Thus, AppA may also be an oxygen sensor, but its role in regulation of photosynthesis genes remains to be elucidated.
In addition, CcoNOQP cytochrome c oxidase and RdxBH were identi¢ed as components of an oxygen signal pathway in R. sphaeroides (reviewed in [9] ). RdxB is most likely membrane bound and is predicted to coordinate two [4Fe-4S] clusters, which may be involved in redox processes together with other Cys residues. CcoNOQP and RdxB are involved in the repression of photosynthesis genes under high oxygen tension by inhibiting the functional activity of the PrrB/PrrA (the R. sphaeroides counterpart of RegB/RegA) two-component system [10] .
Although an increasing number of proteins involved in sensing of the oxygen signal have been identi¢ed in Rhodobacter, our understanding of the mechanisms of sensing is still limited. The nature of the stimuli (molecular oxygen or redox state) is not clear, the transmission of the signal to downstream regulators is only known for RegB and in part for FnrL. Several mechanisms to explain the oxygen control of photosynthesis gene expression in Rhodobacter have been proposed that incorporate the coordinated action of proteins known to act as oxygen sensors. Sensor kinases, redox-responsive proteins with Fe-S clusters (FnR, RdxB) or just conserved Cys residues (thioredoxin) and cytochrome oxidases are all involved in a complex regulatory network to control the expression of photosynthesis genes. The next step is to establish experimentally the links between these di¡erent factors and to de¢ne interacting partners.
Oxygen-dependent transcription of photosynthesis genes
The puf and puc operons, the puhA gene and the genes for pigment synthesis show higher rates of transcription under low oxygen when compared to growth under high oxygen (reviewed in [11] ). Work from many laboratories over the last few years has now provided a general understanding of how many di¡erent transcription factors and di¡erent regulatory circuits are involved. It was reported in 1990 [12] that a DNA sequence with dyad symmetry in the puf promoter region is involved in oxygen-regulated puf transcription, suggesting that it may function as a transcription factor-binding site (Fig. 1B) . By now, many proteins that bind to the promoter regions of photosynthesis genes in Rhodobacter have been identi¢ed. The ¢rst protein shown to bind to the puf promoter region was named puf promoter-binding protein (PPBP) [13] . In vitro DNAprotein-binding studies using cell extracts suggested that PPBP binds to the puf promoter region under high oxygen tension (Fig. 1B) . Dephosphorylation increased the amount of PPBP-DNA complexes. These results suggested that PPBP functions as a repressor of transcription under high oxygen tension and that phosphorylation of the protein under low oxygen reduces binding [14] . All attempts to purify the protein and determine its N-terminal sequence have failed so far.
Another repressor of transcription, acting preferentially on the puc genes and bch genes, is the CrtJ protein [15] (PpsR in R. sphaeroides). Cooperative binding of this protein to a speci¢c DNA motif has been shown for the puc and bchC promoter regions. Most interestingly, the capability of CrtJ to bind to DNA is in£uenced by redox conditions [16] . It is, however, not known how binding activity of CrtJ can be modulated by the redox state and whether CrtJ can sense the redox state directly or by interacting with other factors.
In 1992 Sganga and Bauer [1] identi¢ed the regA gene which encodes a protein of striking homology to bacterial response regulators by screening mutants with an altered puf expression. Not until 1998 was it shown that RegA is a DNA-binding protein [17, 18] . Several copies of RegA bind upstream of the puf and puc promoter regions (Fig. 1B) . It is believed that phosphorylated RegA activates transcription, but direct experimental prove for this model is still lacking. The RegA binding sites overlap with binding sites for PPBP and integration host factor (IHF), which is also involved in oxygen-dependent transcription of photosynthesis genes [18] (Fig. 1B) . Overlapping binding sites for transcription factors and IHF are also known for other regulated bacterial promoters. IHF most likely facilitates interaction of the response regulator molecules with each other or with other proteins by bending of the DNA.
It is also known that the puf operon of R. capsulatus is not only transcribed from its own promoter, which is localized within the coding sequence of the upstream bchZ gene, but also from promoters for the upstream crt and bch operons. This organization into a super-operon (reviewed in [11] ) contributes to the co-regulation of the genes for pigments and pigmentbinding proteins and to the observed low level of puf transcription in the presence of oxygen, in the absence of RegA-mediated activation in R. capsulatus. Mutants of R. sphaeroides PrrA (the counterpart of RegA), however, do not show formation of pigment protein complexes, even in the absence of oxygen [19] , suggesting that the puf genes are not transcribed from other promoters, or that these promoters also require PrrA for activation. This may re£ect the different strategies of the two bacterial species to deal with pigment synthesis and oxygen. While R. sphaeroides completely shuts o¡ pigment synthesis under high oxygen tension, R. capsulatus produces low amounts of photosynthetic complexes. This strategy allows R. capsulatus to adapt more quickly to changes in the environment but may require additional factors for protection against photooxidative stress.
Interestingly, transcription of puf and puc genes under low oxygen tension is strongly reduced in the absence of bacteriochlorophyll in R. capsulatus (i.e. [20] ). This observation hints at the involvement of some cellular factors that couple transcription of photosynthesis genes to the presence of bacteriochlorophyll.
Despite a number of interesting publications dealing with RNA polymerase from Rhodobacter in the last few years, we still do not understand the transcriptional machinery. A c 93 factor was described in R. sphaeroides and R. capsulatus, which shows a sim-ilar promoter recognition as the E. coli c 70 protein [21^23]. The rpoD gene which was cloned from R. capsulatus encodes a protein of a predicted size of about 70 kDa [24] . The absence of a c factor migrating like a 70-kDa protein from RNA polymerase fractions from R. capsulatus and the fact that most bacterial c factors show abnormal migration in SDS gels suggest that the 90-kDa protein is the product of the rpoD gene.
It is not clear whether alternative c factors are involved in oxygen-dependent transcription in vivo. The amount of a 34-kDa c factor increases in Rhodobacter cells after reduction of the oxygen tension or after heat shock [25] , but ¢nal proof that this 34-kDa protein is the rpoH gene product and that the RpoH protein is involved in transcription of photosynthesis genes is lacking. An RNA polymerase holoenzyme from R. capsulatus containing the 90-kDa c factor was able to initiate transcription at the puf promoter in vitro [22] . For the cycA gene encoding cytochrome c 2 , in vitro transcription by RNA polymerase containing the alternative c factors c 37 or c 38 has been shown [23] . However, at present, this observation does not answer the question whether di¡erent c factors are involved in the recognition of promoters for photosynthesis genes in vivo. Despite the fact that in vitro data may not always re£ect the in vivo situation, the availability of an e¤cient in vitro transcription system in combination with di¡erent sets of regulatory proteins will be important to gain more insight into the action and possible interaction of the di¡erent transcription factors.
Regulation of photosynthesis genes by light
Although light is not the external stimulus that determines whether photosynthetic complexes are synthesized, the light intensity does a¡ect the expression of photosynthesis genes in phototrophically grown cultures of Rhodobacter. The amount of photosynthetic complexes is higher under low light than under high light intensities. In semi-aerobic cultures, light represses the formation of photosynthetic complexes. However, little is known about the regulatory mechanisms involved in light regulation. It is not known whether sensing of the light signal is exclusively performed by bacteriochlorophyll, or whether additional light receptors are involved. The fact that the inhibition of puf and puc expression in semi-aerobic cultures is strongest in blue light indicates that light sensing molecules others than bacteriochlorophyll are present [26] . Since experiments on light regulation require special equipment, only few mutants a¡ected in their oxygen-dependent regulation have been carefully tested regarding the in£u-ence of light on the expression of photosynthesis genes.
Some years ago, Buggy et al. [27] described the involvement of the hvrA gene of R. capsulatus during low light activation of puf and puhA transcription. Surprisingly, a homologous gene in R. sphaeroides, the spb gene, was found to repress puf expression under conditions of high light intensity [28] . Nothing is known about the transmission of the light signal to HvrA or SPB which both can bind to DNA sequences upstream of the puhA gene and the puf operon and share 58% sequence identity. Some lightresponsive, cis regulatory elements upstream of the puc promoter region have been identi¢ed in R. sphaeroides [29] and it was shown that a point mutation in the dyad symmetry element upstream of the puf promoter a¡ects light-dependent puf expression in R. capsulatus [30] . These few observations show that our knowledge of light regulation of photosynthesis genes lags far behind our understanding of processes involved in oxygen regulation in Rhodobacter and even behind the current knowledge of light-regulated gene expression in higher organisms.
Post-transcriptional regulation of photosynthesis genes
Many investigations on regulation of gene expression in bacteria are restricted to study the mechanisms of transcription. However, evidence has been accumulating over the last years that bacterial gene expression is frequently also controlled at the posttranscriptional level. Studies on the regulated expression of the puf operon from R. capsulatus contributed considerably to this view.
Individual segments of the polycistronic puf operon mRNA exhibit di¡erent stabilities, leading to dif-ferential expression of puf-encoded genes. A model which attributes the segmental di¡erences in puf mRNA stability to certain mRNA stabilizing and destabilizing elements has been presented previously (reviewed in [31] ). Some segments of the polycistronic puf and puc transcripts decay with a higher rate under high oxygen tension compared to decay under low oxygen [32] . The 2.7-kb pufBALMX mRNA of R. capsulatus shows a half-life of about 3 min at high oxygen tension, instead of about 8 min at low oxygen tension, while the 0.5-kb pufBA mRNA decays with a similar rate (half-life of about 33 min) under high or low oxygen tensions. This increased stability, of course, contributes to the increase in puf mRNA levels after reduction of the oxygen tension.
The molecular mechanism responsible for this oxygen e¡ect has not been elucidated. It has been speculated that oxygen may act directly on the rates of translation of puf and puc mRNAs and that di¡er-ences in the ribosome density may lead to di¡erent rates of cleavage of these mRNAs by endoribonucleases. This hypothesis could not be veri¢ed, since an e¡ect of the oxygen tension on translational rates of puf genes was not observed [33] . However, experimental evidence was provided that oxygen acts indirectly on the rate of incorporation of pigmentbinding proteins into the membrane and that this regulation depends on the presence of bacteriochlorophyll [33] .
It was also suggested that regulation by light occurs at a post-transcriptional level of gene expression, since no direct correlation of the amount of LHII complexes and puc mRNA levels was observed when the light intensity was varied in phototrophic growing cultures [34] . Investigations of the e¡ect of light on post-transcriptional levels of photosynthesis gene expression have not been published recently.
Regulatory networks
Although this review focuses on the regulation of expression of genes for pigment synthesis and pigment-binding proteins, it should be noted that regulated expression of these genes is part of a larger, more complex di¡erentiation process that responds to changes in the environment. For example, the two-component system RegB/RegA is not only involved in oxygen-dependent regulation of photosynthesis genes, but also in oxygen-dependent regulation of genes for nitrogen ¢xation and enzymes of the Calvin cycle [35] . A regulatory link between these metabolic systems allows for the dissipation of excess reducing power generated by photosynthesis via the Calvin cycle or alternatively by nitrogenase. Joshi and Tabita [35] presented a model with RegB as the central sensor, transmission of the phosphate from RegBVP to RegA and from RegAVP to unknown DNA-binding proteins. The latter are speci¢c for the regulation of nif genes, photosynthesis genes or cbb genes, respectively. Since we now understand that RegA itself is a DNA-binding transcription factor, we need to establish whether RegA is also responsible for the transcriptional regulation of nif and cbb genes or whether RegBVP can pass along signals interacting with other proteins. The RegB protein is not the only molecule linking the regulation of di¡erent metabolic pathways. HvrA, in addition to regulating photosynthesis genes in response to light, also regulates genes for nitrogen ¢xation depending on the ammonium and oxygen supply [36] .
These ¢ndings underline that the regulatory pathways summarized in Fig. 1 are only a small part of the picture. It may not be possible to fully understand one of the regulatory circuits in Rhodobacter without understanding other regulatory circuits and the links between them. Another important step in oxygen-and light-dependent di¡erentiation of phototrophic bacteria is membrane biosynthesis which we have not discussed here. Despite our increasing knowledge about individual proteins involved in the regulation of photosynthesis genes by oxygen, understanding the global regulatory system responsible for the di¡erentiation process of Rhodobacter and related bacteria will require much additional work.
